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Marked eﬃciency improvement of a spin-coated phosphorescent pure-white organic light-emitting diode was obtained
by incorporating a novel small polymeric nano-dot (PND) in the hole-transporting layer. The resultant device eﬃciency
strongly depended on the concentration and size of the PND used. The resultant power eﬃciency at 100 cd/m2, for exam-
ple, was increased from 6.8 to 23.7 lm/W, an increase of 350%, as 14 wt% PND of 8 nm in size was employed. The
improvement may be attributed to a better carrier-injection balance resulted from hole trapping on the PND.
 2007 Elsevier B.V. All rights reserved.
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Organic light-emitting diodes (OLEDs), particu-
larly white OLEDs, are increasingly attracting inter-
est because of their potential as ﬂat-panel displays
and for liquid crystal display backlighting and area
illumination [1–4]. These applications require highly
eﬃcient white OLEDs. Numerous approaches have
been reported to improve the eﬃciency, such as the
use of electroluminescence (EL) eﬃcient phosphores-
cent and/or ﬂuorescent materials [4], coupled with
appropriate device architectures. Eﬃcient devices
typically possess thin device thickness, low carrier-1566-1199/$ - see front matter  2007 Elsevier B.V. All rights reserved
doi:10.1016/j.orgel.2007.11.005
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E-mail address: jjou@mx.nthu.edu.tw (J.-H. Jou).injection barrier, eﬀective carrier/exciton conﬁne-
ment, highly eﬃcient host-to-guest energy transfer
and balanced carrier injection [4–14]. Recently, the
incorporation of quantum- or nano-dot in the emis-
sive or another layer has been found to be eﬀective
for some OLED devices [13–18]. However, the mech-
anism of this improvement is not yet clear. A homo-
geneous distribution of the embedded nano-dots
may also be crucial, which restrains the use of a dry
process for their incorporation. In order to obtain
high eﬃciency, OLED devices must frequently be
kept relatively thin, which would consequently limit
the use of large nano-dots.
In this letter, we present a pure-white OLED with
marked eﬃciency improvement obtained by incor-
porating small polymeric nano-dot (PND) in.
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thiophene): poly(styrene sulfonic acid) (PEDOT:
PSS). The eﬀects of the size and concentration of
the PND on the EL characteristics of the resultant
devices were examined. The resultant power eﬃ-
ciency at 100 cd/m2, for example, was increased
from 6.8 to 23.7 lm/W, an increase of 350%, when
14 wt% PND of 8 nm in size was employed.
2. Experimental
Fig. 1 shows the schematic energy-level diagram
of the white OLEDs studied. The device comprises
a 1250 A˚ anode layer of indium tin oxide (ITO), a
350 A˚ HTL of PEDOT:PSS doped with PND, a
400 A˚ white emissive layer, a 360 A˚ electron-trans-
porting layer (ETL) of 2,20,200-(1,3,5-benzenetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi), a 7 A˚
electron-injection layer of lithium ﬂuoride (LiF)
and a 1500 A˚ cathode layer of aluminum (Al). The
white emissive layer was composed of a molecular
host of 4,40-bis(carbazol-9-yl) biphenyl (CBP) doped
with 0.3 wt% red dye of bis[2-(20-benzothienyl)-Fig. 1. Schematic energy-level diagram of the white OLEDs.
Also shown are the molecular structure and TEM image of the
studied PND.pyridinato-N,C30] (acetyl-acetonate) iridium (III)
[Btp2Ir(acac)], 0.08 wt% green dye of tris(2-phenyl-
pyridine) iridium (III) [Ir(ppy)3] and 14 wt% blue
dye of bis(3,5-diﬂuoro-2-(2-pyridyl)-phenyl-(2-carb-
oxypyridyl)) iridium (III) (FIrpic).Fig. 2. Doping concentration eﬀects of the 8 nm PND on the
power eﬃciency, current density and luminance of the white
OLEDs.
Table 1
The eﬀects of size and concentration of PND and thickness of ETL on the EL characteristics of the white OLEDs
Concentration
of PND (wt%)
Size of
PND (nm)
Thickness of
ETL (nm)
Power eﬃciency (lm/W)b CIE 1931 chromatic coordinates (x,y)
At 100 cd/m2 Max. At 100 cd/m2 At 1000 cd/m2
0.0 – 36 4.3 ± 0.2 4.9 ± 0.2 (0.333,0.356) (0.315,0.355)
0.7 8 36 7.6 ± 0.3 8.1 ± 0.3 (0.333,0.356) (0.316,0.356)
7.0 8 36 8.9 ± 0.3 10.3 ± 0.3 (0.332,0.356) (0.316,0.355)
14.0 8 36 17.6 ± 0.3 19.2 ± 0.3 (0.332,0.356) (0.316,0.356)
70.0 8 36 6.2 ± 0.2 6.5 ± 0.3 (0.333,0.357) (0.315,0.356)
0.0 – 32 6.8 ± 0.2 6.8 ± 0.3 (0.324,0.357) (0.310,0.353)
10.5 8 32 18.8 ± 0.3 19.3 ± 0.3 (0.324,0.358) (0.310,0.353)
14.0 8 32 23.7 ± 0.3 24.3 ± 0.3 (0.323,0.357) (0.310,0.352)
17.5 8 32 19.9 ± 0.3 21.0 ± 0.3 (0.323,0.357) (0.313,0.355)
21.0 8 32 17.3 ± 0.3 18.2 ± 0.3 (0.323,0.357) (0.310,0.356)
7.0 8a 36 8.9 ± 0.3 10.2 ± 0.3 (0.331,0.358) (0.314,0.356)
7.0 15a 36 7.7 ± 0.3 8.7 ± 0.3 (0.332,0.357) (0.315,0.356)
7.0 30a 36 6.9 ± 0.2 7.5 ± 0.3 (0.331,0.358) (0.314,0.355)
a These devices were fabricated from two diﬀerent batches.
b Power eﬃciency was calculated as an average of the data taken from four separated emissive areas on the same glass substrate.
Fig. 3. Doping concentration eﬀects of the 8 nm PND on the
current density of the devices. The hole-injection layers of
PEDOT:PSS doped with x wt% PND were sandwiched by
high-work-function electrode pairs, ITO and gold, and the low-
work-function electrode pairs, calcium. Insets: schematic energy-
level diagrams of the devices.
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densation of sodium metasilicate [19]. To examine
the size eﬀect, PNDs with sizes of 8, 15 and 30 nm
were synthesized. Fig. 1 also shows a schematic
illustration of the molecular structure and transmis-
sion electron microscopic (TEM) image of one of
the synthesized PNDs. The resultant PNDs also
exhibited negative charge as determined by the
value of their zeta potential measured with a Nano
ZS ZEN-3600.
The luminance and CIE chromatic coordinates
of the resulted OLEDs were measured by using
Minolta CS-100 luminance-meter. A Keithley 2400
electrometer was used to measure the current–volt-
age (I–V) characteristics. All the devices were char-
acterized without encapsulation and all the
measurements were carried out in the ambient con-
dition. The emission area of all the resultant devices
was 25 mm2 and only the luminance in the forward
direction was measured.
3. Result and discussion
Fig. 2 shows the power eﬃciency of the white
OLEDs with and without the incorporation of the
8 nm PND. The power eﬃciency increased as the
doping concentration of PND ﬁrst increased. With-
out the incorporation of PND, the power eﬃciency
at 100 cd/m2, for example, was 4.3 lm/W. The power
eﬃciency became 7.6 lm/W as 0.7 wt% PND was
added. It was further increased to 17.6 lm/W as14.0 wt% PND was incorporated. By increasing the
PND concentration to 70.0 wt%, the power eﬃ-
ciency dropped to 6.2 lm/W. By ﬁxing the PND con-
centration at 14 wt%, a highest power eﬃciency
23.7 lm/W was obtained by changing the thickness
of the ETL from 36 to 32 nm. Relatively high sam-
ple-to-sample reproducibility on the power eﬃciency
data was obtained as shown in Table 1.
Fig. 2 also shows the eﬀects of PND concentra-
tion on the current density and luminance of the
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decreased as the PND concentration increased, indi-
cating that the PND had eﬀectively reduced the
injection of hole carrier. The incorporation of tita-
nium oxide nano-dot in a separated layer of a green
OLED was found to enhance the injection of hole
caused by tunneling eﬀect as revealed by the marked
increase of current density and decrease of turn-on
voltage [11–13]. However, in the present work the
turn-on voltage herein did not change much with
the change of PND concentration, revealing the
absence of tunneling eﬀect. The size of the PND,
8 nm, was much smaller than the 35 nm thickness
of the PEDOT:PSS HTL, so that the PND was pre-
sumably well embedded within the HTL. The turn-
on voltage described herein was deﬁned as the volt-
age at which the luminance is equal to or greater
than 10 cd/m2. The resultant luminance, especially
at voltage between 4 and 6 V, did not decrease,
but increased obviously until the PND concentra-
tion was above 14.0 wt%. This indicates that higher
carrier-recombination eﬃciency was resulted from
the addition of nano-dot to the device, since its cor-
responding current density was comparatively lower
than that of its counterpart without nano-dot
incorporation.
The reason why the incorporation of PND in the
HTL of PEDOT:PSS reduced the injection of hole,
but not electron, can be revealed by the diﬀerence in
I–V characteristics of the devices consisting only of
a HTL of PEDOT:PSS sandwiched by high- and
low-work-function electrode pairs, as shown in
Fig. 3. As also shown in the ﬁgure, the device with
the low-work-function electrode pair, calcium, pos-
sesses relatively low injection barrier to electron
(0.5 eV) but relatively high injection barrier to holeTable 2
Doping concentration eﬀects of the 8 nm PND on the EL characteri
emissive layer/second emissive layer/TPBi/LiF/Al
Device First emissive layer Second emissive layer Concentr
I FIrpic (blue) Btp2Ir(acac) (red) 0.0
0.7
7.0
70.0
II Btp2Ir(acac) (red) FIrpic (blue) 0.0
0.7
7.0
70.0
a The voltage is deﬁned as the resultant value obtained at luminance
b The voltage is deﬁned as the resultant value obtained at lumina.(2.3 eV). Thus any measured current density should
be mainly attributed to electron transport. Regard-
less of the addition amount, the addition of PND
had little eﬀect on the current density of the device
with a calcium electrode pair, indicating that the
PND had no eﬀect on the injection of electron.
The device with the high-work-function electrode
pair, ITO and gold, possesses relatively low injection
barrier to hole (0.1 eV) but relatively high injection
barrier to electron (2.8 eV), so that anymeasured cur-
rent density shouldbemainly attributed to hole trans-
port. Actually, the current density of the device with
the high-work-function electrode pair of ITO and
gold markedly decreased as the concentration of
PND increased, proving that the PND could eﬀec-
tively reduce the injection of hole into the HTL.
The reason why the PND could reduce hole injection
may be attributed to its negative charge character on
surface, whose zeta potential was 5.8 mV as deter-
mined at 8 wt% in a THF suspension.
The size eﬀect of PND on the EL characteristics is
shown in Table 1. By ﬁxing the PND concentration
at 7.0 wt%, for example, the power eﬃciency at
100 cd/m2 increased from 6.9 to 8.8 lm/W as the size
of PND decreased from 30 to 8 nm. It is plausible
that the smaller PNDmay have exhibited higher sur-
face charge density, enabling the trapping of more
holes and leading to a more balanced carrier injec-
tion. However, further investigation is needed to
clarify the real cause. Regardless of their size, the
incorporation of PND showed little eﬀect on the
resultant chromaticity of the white device at 100 or
1000 cd/m2. The chromaticity coordinates at
100 cd/m2, for examples, were nearly the same,
(0.331,0.358), (0.332,0.357) and (0.331,0.358), for
the devices incorporated with 8, 15 and 30 nm PNDs.stics of the OLEDs of ITO/PEDOT:PSS with x wt% PND/ﬁrst
ation of PND (wt%) CIE 1931 chromatic coordinates (x,y)
At 5.5 Va At 7.5 Vb
(0.481,0.327) (0.459,0.327)
(0.477,0.322) (0.457,0.320)
(0.475,0.321) (0.456,0.320)
(0.474,0.320) (0.454,0.319)
At 7.5 Va At 10.5 Vb
(0.267,0.311) (0.283,0.312)
(0.268,0.310) (0.285,0.312)
(0.269,0.311) (0.285,0.317)
(0.271,0.313) (0.288,0.317)
P100 cd/m2.
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eﬀect on the chromaticity of the white device, the
recombination zone was actually shifted toward the
anode as PND was added. The recombination zone
shift can be evidenced by investigating the eﬀect of
adding PND on the chromaticity of the OLED
devices with two separated emissive layers, one blue
and one red. As shown in Table 2, systematic chro-
matic variation was stronger as the content of PND
was increased. The chromaticity coordinates at
100 cd/m2, for example, were (0.481,0.327), (0.477,
0.322), (0.475,0.321) and (0.474,0.320) for Device I
with 0, 0.7, 7.0 and 70 wt% incorporated PND,
respectively. The blue shift conﬁrmed that the recom-
bination zone would shift toward the blue emissive
layer, which was closer to the anode, as PND was
incorporated. Similarly, Device II showed red shift
as PNDwas incorporated. In Device II, the red emis-
sion layer was closer to the anode. The red shift in
Device II also conﬁrmed the recombination zone to
be shifted toward the anode as PND was added.
4. Conclusion
In conclusion, a novel small PNDwas synthesized
and added in the hole-transporting layer, PED-
OT:PSS, to markedly improve the eﬃciency of a
phosphorescent pure-white organic light-emitting
diode. The device eﬃciency was strongly dependent
on the concentration and size of the PND. The resul-
tant power eﬃciency at 100 cd/m2, for example, was
increased from 6.8 to 23.7 lm/W, an increase of
350%, as 14 wt% PND of 8 nm in size was employed.
This improvement may be attributed to a better car-
rier-injection balance resulted from hole trapping on
the added PND, which exhibited negative charge on
surface and hence facilitated hole trapping in the
hole-transporting layer.Acknowledgement
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